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Rotavirus assembly – interaction of surface protein VP7
with middle layer protein VP6
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Summary. The interaction between the rotavirus proteins viral protein 6 (VP6)
and VP7 was examined in several exogenous protein expression systems. These
proteins associated in the absence of other rotaviral proteins as demonstrated by a
coimmunoprecipitation assay. Deletion analysis of VP7 indicated that truncations
of either the mature amino or carboxyl terminus disrupted the proper folding of
the protein and were not able to coimmunoprecipitate VP6. Truncation analysis of
VP6 indicated that trimerization of VP6 was necessary, but not sufficient, for VP7
binding. MAb mapping and coimmunoprecipitation interference assays indicate
that the VP6 amino acid residues between 271 and 342 are required for VP7
interaction. The interaction of VP6 and VP7 was also examined by the assembly
of soluble VP7 onto baculovirus-expressed virus-like particles containing VP2
and VP6. Abrogation of this binding by preincubation of the particles with VP6
MAbs mapped to this same domain of VP6, validated our coimmunoprecipitation
results. VP6 IgA MAbs that have been shown to be protective in vivo, but not a
nonprotective IgA MAb, can interfere with VP7 binding to VP6. This suggests
that these IgA MAbs may protect against rotavirus infection by blocking rotavirus
assembly.

Introduction

Rotavirus, a member of theReoviridae, is a major cause of severe gastroenteritis
in young children and cause substantial mortality and morbidity worldwide [15,
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23]. Rotavirus particles are non-enveloped and consist of a segmented, double-
stranded RNA genome, the RNA-dependent RNA polymerase VP1 and the guany-
lyl transferase VP3 [4, 25, 30] and are surrounded by a layer of VP2 protein. This
layer is subsequently encompassed by VP6, the most abundant rotaviral protein
which comprises 51% of the total virus protein [28]. VP6 forms trimers [17, 32,
36] which are thought to associate with the cores during viral assembly. Epitopes
exposed on the VP6 trimers also determine the subgroup (SG) specificity of the
viral particle (SG I, SG II, SG I/II or SG non I/II; [18, 20]). The VP6 middle
layer is then surrounded by a sheath of VP7, a glycoprotein, with the dimeric
viral attachment protein, VP4, extending out from the surface [9].

The replication and packaging of the dsRNA genome into double-layered
particles consisting of VP2 and VP6, occurs rapidly in cytoplasmic viroplasms
[31, 34]. VP4 is expressed as a soluble protein in the cytoplasm and VP7 is
cotranslationally inserted into the membrane of the endoplasmic reticulum (ER)
[9]. How these two proteins assemble on to the double-layered particle to form
the complete triple-layered particle is not known. It is thought that assembly
is assisted by the nonstructural protein NSP4, a cytoplasmic-facing ER-resident
protein which binds to VP6 on the double-layered particles [29]. The double-
layered particle/NSP4 complex buds into the ER, along with VP4, with which it
is somehow associated [9]. The specific mechanism by which the lipid envelope
is shed from the double-layered particle, how NSP4 dissociates, and how the
mature triple-layered particle is formed from the components is not understood.
It is clear that major rearrangements must occur, one of the most significant ones
is the enveloping of the VP6 encased double-layered particle with a layer of VP7.

Cryoelectron microscopic data [32, 37] indicates that in the mature rotaviral
particle, VP6 interacts with VP2, and VP4, and VP7, on diametrical faces of
VP6. Since there appears to be a significant amount of interaction between VP6
and VP7 within the mature particle, we investigated whether we could define the
interactive domains of these two proteins in the absence of any other rotaviral
proteins. Mapping these domains of VP6 and VP7 will aid in our understanding
of the assembly processes of rotavirus. Although virus-like particles consisting
of VP6 and VP7 can be produced from recombinant baculoviruses [33, 35], we
chose to examine the interaction between VP6 and VP7 using a transient system
that allows rapid analysis of many mutants. Here we present data, employing a
combination of biochemical and molecular techniques, indicating that although
the VP6 interaction domain of VP7 appears to be complex, the VP7 interaction
domain on VP6 resides or depends upon amino acid residues 271 to 328.

Materials and methods

Cells and viruses

Baby hamster kidney cells (BHK), were maintained in Dulbecco’s modified Eagle’s medium
(DMEM; Biowhittaker; Walkersville, MD) with 4.5 g per 1 glucose containing 10% fetal
bovine serum (FBS; Hyclone; Logan, UT), 100 IU per ml penicillin, 100 IU per ml strep-
tomycin, 0.29 mg per ml L-glutamine (Irvine Scientific, Santa Ana, CA), and 0.25 mg per



Interaction of rotavirus VP6 and VP7 1157

ml amphotericin B (LifeTechnologies; Gaithersburg, MD) in a 5% CO2 incubator at 37◦C.
Vaccinia virus expressing the T7 polymerase and the plasmid pTM1 were gifts of B. Moss
(Laboratory of Viral Diseases, National Institute of Allergy and Infectious Disease, Bethesda,
MD USA).

Spodoptera frugiperda9 (Sf-9) cells were grown in monolayer culture with Sf-900 II
protein-free media (LifeTechnologies) supplemented with 100 IU per ml penicillin, 100 IU
per ml streptomycin, 0.29 mg per ml L-glutamine and 2.5% FBS 27◦C. Recombinant bac-
ulovirus stocks (VP2 and VP6 of the RF virus strain; gift of J. Cohen, Laboratorie de Virologie
et Immunologie Moleculaires INAS, Jousy-en Josas, France) were grown in Sf-9 cells in Sf-
900 II media supplemented with 60 IU per ml of penicillin and streptomycin, and 0.17 mg
per ml of L-glutamine.

Recombinant DNA

Wild-type rhesus rotavirus (RRV) strain VP7 (referred to as wt RRV VP7), is a full length
cDNA of the tissue culture adapted RRV strain; the cDNA for tissue culture adapted, wild-
type RF strain VP6 (referred to as wt RF VP6) was a gift of D. Poncet (Laboratorie de
Virologie et Immunologie Moleculaires INAS, Jousy-en Josas, France). The ability of the
VP6 and VP7 proteins of these two different strains has been shown by the formation of
baculovirus expressed virus-like-particles [5, 13].

For optimal expression in the vaccinia virus T7 polymerase infection/transfection system
(described below), the start ATGs of all VP6 and VP7 cDNAs were altered to an Nco I site
(ccATGg) and subcloned into the vector pTM1 Nco I site to take advantage of an IRES
[11, 12]. For creation of amino terminal truncations from wt RF VP6, the new start codons
were created by mutating the desired sequence to a new Nco I site and these constructs
were subcloned into the pTM1 vector. The mature, amino terminal truncations derived from
wt RRV VP7 were created by introduction of a second Pfl MI site, at the desired location,
downstream from the endogenous site. Excision of the Pfl MI fragment and religation of the
deleted vector resulted in deletions 3′ distal to the native, signal sequence cleavage site. For the
production of carboxyl terminal truncations from the wt RF VP6 and wt RRV VP7 cDNAs, a
stop codon was co-inserted with an Xba I site at the indicated locations. All cDNA plasmids
were purified using a Qiagen kit (Qiagen; Santa Clarita, CA). Site-directed mutagenesis was
performed as described by Kunkel et al. [24] and the mutations were confirmed by sequencing
on an ABI automated DNA sequencer.

Antibodies and immunoprecipitations

The VP7 antibodies used were the neutralizing monoclonal antibodies (MAbs) against the
RRV strain 159, 4C3, 5H3, and 4F8 [27, 38] and the non-neutralizing, cross-reactive MAbs
60 (raised against the RRV strain) and 129 (raised against the WA strain; [38]). The two
VP6 immunoglobulin G (IgG) MAbs used were 255/60 (SGI; [19]) and 5E6 [1]. The VP6
IgA MAbs are as described in Burns et al. [1]. Rabbit hyperimmune serum (R2, raised
against RRV) was also used [2]. The amount of IgG and IgA MAbs used for VP6 immuno-
precipitations was determined by ELISA [10]. For immunoprecipitations, IgG MAbs were
precoupled to Protein A-Sepharose (Sigma; St. Louis, Mo.) for 2 h at 4◦C. IgA MAbs were
precoupled to goat anti-mouse IgA biotin (Kirkegaard and Perry; Gaithersburg MD) and
avidin agarose (Pierce Chemical Company; Rockford, IL) for 2 h at 4◦C. The antibody-bead
complexes were washed twice with lysis buffer (see below), added to the35S-labelled protein
and the samples were immunoprecipitated overnight at 4◦C. Samples were washed [21] and
then subjected to sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) as
described below. For MAb blocking experiments,35S labelled samples were incubated with
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the individual IgA MAbs of equivalent ELISA titer for 1 h at room temperature. Samples
were then immunoprecipitated with IgG MAbs as described above.

Sodium dodecylsulfate polyacrylamide gel electrophoresis (SDS PAGE)

Samples were processed for SDS-PAGE as described [14] and electrophoresed at the indicated
acrylamide concentrations (Novex; San Diego,CA). For fluorography, the gels were fixed,
enhanced with Entensify (Dupont; Boston, MA), dried and then exposed to film (X-OMAT;
Eastman-Kodak; Rochester, NY). All figures were scanned using a UMAX scanner model
#UC1260. The figures were prepared using Adobe Photoshop and Canvas programs.

Protein expression

For expression of35S-labelled proteins for immunoprecipitation, the vaccinia virus T7 DNA
polymerase infection/transfection system was used [11, 12]. Briefly, confluent wells of BHK
cells in 6 well dishes were infected with the recombinant vaccinia virus at a multiplicity
of infection (moi) of 2.5 for 1 h at 37◦C in a CO2 incubator. Cells were then transfected
with the desired cDNAs with LipofectAmine (LifeTechnologies) and incubated for 5 h at
37◦C in a CO2 incubator. Cells were washed and then starved in media lacking cysteine
and methionine (LifeTechnologies) for 30 min. Cells were labelled with 50mCi per ml 35S
Translabel (ICN; Irvine, CA) for 1.5 h at 37◦C in a CO2 incubator. Cells were washed with
phosphate buffered saline and triturated off the plates. Cells were pelleted at 1000×g for
3 min, lysed in lysis buffer (HEPES-buffered saline containing 0.1% NP-40, 2.5 mM CaCl2
and the following protease inhibitors: 0.1 M phenylmethyl sulfonyl fluoride, 1mg per ml
pepstatin A, 2mg per ml leupeptin, 4mg per ml aprotinin, 10mg per ml antipain, 0.4 mM
benzamidine, 10mg per ml soybean trypsin inhibitor, and 0.5 mM iodoacetamide [Sigma
Chemical Company; St. Louis, MO]) on ice for 15 min and pelleted at 14000×g for 10 min
at 4◦C. The35S lysates were examined by immunoprecipitation and coimmunoprecipita-
tions as described below. Lysates of VP7 were deglycosylated by treatment with Endo-
glycosidase F (Boehringer Mannheim; Indianapolis, IN) according to the manufacturer’s
instruction.

For expression of VP6 proteins for trimer formation analysis, the in vitro transcrip-
tion/translation system, TNT, was used (Promega; Madison, WI) according to the manufac-
turer’s instructions. After translation, half the sample was incubated with denaturing SDS-
PAGE loading buffer (0.5% SDS, 50 mM dithiothreitol) for 5 min at 100◦C. The other half
was incubated in a nondenaturing loading buffer for 5 min at room temperature. Samples
were then subjected to SDS-PAGE and fluorography as described above.

VLP production

Double-layered virus-like particles, containing RF VP2 and VP6, were prepared as de-
scribed previously [13]. Briefly, monolayers of cells were infected with the recombinant
baculoviruses at a moi of 5 in Sf-900 II media. After incubation for 24–36 h at 27◦C, the
inoculum was removed by aspiration, and media containing the protease inhibitors pep-
statin, aprotinin, and leupeptin (0.5mg per ml; Sigma) were added. These protease inhibitors
were added daily until the cells were harvested at four to five days post-infection. Particles
were purified and analysed as described in Crawford et al. [5]. The protein concentration
of the CsCl-purified 2/6 VLPs was determined using the Pierce BCA Protein Reagent Kit
(Pierce).

For the VP7/double-layered VLP binding assay, 20mg CsCl purified 2/6 VLPs were
preincubated or not with IgA or IgG MAbs against VP6, of equivalent ELISA titer, for 2 h at
4 ◦C. These VLPs complexed with antibodies were incubated with a lysate of 5×105 BHK
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cells expressing35S labelled VP7 at 25◦C for 90 min. Samples were then pelleted through
an equal volume of 35% (wt per vol) sucrose in lysis buffer at 100,000×g for 2.5 h at 4◦C
in a TLA 45 rotor (Beckman Instruments, Inc.; Fullerton, CA). The tubes were harvested
into top, sucrose and pellet fractions and resuspended in lysis buffer of a volume equal to
the top and sucrose fractions. The samples were then immunoprecipitated with MAb 60, and
subjected to SDS-PAGE and fluorography as described above.

Results

Co-immunoprecipitation of VP6 and VP7 with VP7 MAbs

The ability of the rotavirus structural proteins to interact has been previously ex-
amined on a preliminary level using both reassortant rotaviruses and baculovirus
expressed rotavirus virus-like-particles [8, 9, 33, 35]. We initially observed that
VP6 and VP7 could be coimmunoprecipitated from cell lysates of rotavirus in-
fected cells as well as cells infected with recombinant vaccinia viruses expressing
both wild-type VP6 and VP7 (data not shown). To begin to characterize potential
interactions between VP6 and VP7 on a molecular level, we examined whether an
immunoprecipitable complex could form between VP6 and VP7 when expressed
in a heterologous system. Using the vaccinia virus T7 infection/transfection ex-
pression system [11, 12], BHK cells were co-transfected with the individual plas-
mids encoding wt RF VP6 and wt RRV VP7 alone. These proteins from two
different strains are known to interact about as well as wild-type as shown in both
reassortant studies as well as with VLPs [5, 8, 13]. Cells were incubated at 37◦C,
radiolabelled and harvested as described in the Methods section and cell lysates
were prepared. The lysates were incubated with a series of VP7 MAbs, 60, 129,
159, 4C3, 4F8, and 5H3. The MAbs efficiently precipitated VP7 and when VP6
and VP7 were present together in the lysate, all MAbs could bring down VP6
along with VP7 (Fig. 1). The VP7 MAbs did not recognize VP6 when it was
expressed alone (Fig. 1). The coimmunoprecipitation of VP6 by VP7-directed
MAbs was specific for the VP7 MAbs, since treatment of the same lysates with
MAbs against VP6 only precipitated VP6 and did not coimmunoprecipitate VP7
(data not shown). Cells that were infected with the recombinant vaccinia virus
that were either transfected with the parental pTM1 or untransfected cells, did
not immunoprecipitate any radiolabelled proteins with any of the antibodies used
(data not shown). The VP6 and VP7 proteins did not need to be expressed to-
gether within the same cell to form a complex. Mixing detergent lysates from
cells that were transfected with either individual cDNA (wt RF VP6 or wt RRV
VP7) still resulted in the VP6/VP7 complex formation (data not shown). Ad-
ditionally, the levels of either wt RF VP6 or wt RRV VP7 expressed were due
to individual transfection efficiencies and had little effect on the apparent effi-
ciency of coimmunoprecipitation. Additionally, using different subgroups and
G types of VP6 and VP7 showed that this interaction could be recapitulated
and is not dependent upon either the subgroup specific epitopes of VP6 or the
G type determinants of VP7, similar to what is seen with genetic reassortants
(data not shown).
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Fig. 1. Coimmunoprecipitation of wt RF VP6 with wt RRV VP7. BHK cells were trans-
fected with the cDNAs encoding wt RF VP6 and wt RRV VP7, or wt RRV VP7 alone
and cells were labelled with35S methionine and cysteine. Cells were harvested, lysed and
proteins examined by immunoprecipitation and subjected to sodium dodecyl sulfate poly-
acrylamide gel electrophoresis (SDS-PAGE, 12% acrylamide; Novex, San Diego,Calif.)
as described previously (Gilbert and Greenberg, 1997). The lanes are labelled as MAb 60
(1–3), MAb 129 (4–6), MAb 159 (7–9), MAb 4F8 (10–12), MAb 4C3 (13–15) and MAb 5H3
(16–18). For each MAb, the first lane is the wt RF VP6 lysate alone, the middle lane is the
wt RRV VP7 lysate alone and the third lane is the wt RF VP6 and wt RRV VP7 lysates
together. The migration positions of wt RF VP6 and wt RRV VP7 are as indicated on the

right and molecular mass are as indicated to the left

Analysis of VP7 and the interaction with VP6

The mature conformation of VP7 requires the presence of calcium [6–8]. To
determine whether the calcium-bound form of VP7 is the only form of VP7 that
can interact with VP6, radiolabelled cell lysates containing RF VP6 and RRV
VP7 were prepared in lysis buffer in the absence of calcium. The samples were
immunoprecipitated with either MAb 159, which recognizes a calcium-dependent
epitope of VP7, or MAb 60, which can recognize VP7 in the absence of calcium
[6, 7]. As expected, MAb 159 did not immunoprecipitate any protein since there
was no calcium present and, although MAb 60 immunoprecipitated VP7, no VP6
was coimmunoprecipitated (Fig. 2A). This is not due to a nonspecific effect on
VP6 in the absence of calcium since VP6 is immunoprecipitated and does form
trimers in the absence of calcium (data not shown). This finding indicates that
VP6 only binds to the calcium-bound form of VP7.

During rotaviral replication, VP7 is translocated into the endoplasmic retic-
ulum (ER) where the signal sequence is cleaved and carbohydrate residues are
added. VP7 is retained within the ER until the rotaviral double-layered particle
buds into the ER where the final viral maturation takes place. We next examined
whether complete glycosylation of VP7 is required for its interaction with VP6.
BHK cells were transfected with either wt RF VP6 or wt RRV VP7. Cells were
labelled, harvested and lysates prepared. The wt RRV VP7 lysate was treated or
not with Endoglycosidase F to remove high mannose, aspargine-linked sugars.
The treated and untreated wt RRV VP7 containing lysates were incubated with
wt RF VP6 containing lysates and then immunoprecipitated with MAb 60. VP6
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Fig. 2. A Coimmunoprecipitation of wt RF VP6 with wt RRV VP7 in the absence of cal-
cium. BHK cells were transfected with the cDNAs for wt RF VP6 and wt RRV VP7. After
labelling, lysates were prepared in absence of calcium and were immunoprecipitated with
MAb 159 (lane 1) or MAb 60 (lane 2). Samples were processed as described in the leg-
end to Fig. 1. The migration positions of wt RF VP6 and wt RRV VP7 are as indicated
on the right; molecular mass is indicated on the left.B Coimmunoprecipitation of wt RF
VP6 with wt RRV VP7 in the absence of high mannose, N-linked glycosylation. BHK cells
were transfected with the cDNAs for either wt RF VP6 or wt RRV VP7. Cells were labelled
and lysates were prepared. The wt RRV VP7 containing lysate was either treated or not
with Endoglycosidase F and then incubated with the lysate containing wt RF VP6. Samples
were immunoprecipitated and examined by SDS-PAGE and fluorography as described in
the Methods section and the legend to Fig. 1. Lane 1 contains the untreated wt RRV VP7
sample, lane 2 contains the deglycosylated wt RRV VP7 sample. The migration positions
of wt RF VP6 and wt RRV VP7 are as indicated on the right; molecular mass is indicated

on the left

associated with VP7 regardless of the glycosylation status of VP7 (Fig. 2B) in-
dicating that N-acetyl-glucosamine residues are not required for the VP6/VP7
interaction.

We next investigated if there was a specific domain of VP7 that was involved in
binding to VP6. A series of carboxyl terminal truncations, as well as two deletions
3′ to the signal sequence cleavage site, of wt RRV VP7 were constructed using
specific site-directed mutagenesis [24]. The mutant proteins were expressed in
BHK cells and lysates were immunoprecipitated with rabbit hyperimmune sera
(against RRV) and were determined to be expressed at approximately equal levels
(Table 1). Although all the VP7 mutants were expressed, only the two most
carboxyl terminal VP7 truncations (1 275–326 and1 289–326) and the most
amino terminal VP7 truncation (1 58–87) were immunoprecipitated by the non-
neutralizing MAb 60 (Table 1).

To further characterize the VP7 truncation mutants, we examined the ability
of the mutant proteins to be precipitated by several conformation-dependent neu-
tralizing antibodies. The lack of immunoprecipitation with the neutralizing MAbs
159, 5H3 [27], 4F8, and 4C3 [38] indicated that these calcium-dependent, confor-
mationally defined neutralization epitopes on VP7 were not maintained in any of
the truncations (Table 1). The three VP7 truncations that could be precipitated by
MAb 60 (1 275–326,1 289–326, and1 58–87) were co-transfected into BHK
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Table 1. Amino and carboxyl terminal truncations of TC-adapted wt RRV VP7. BHK cells were
transfected with the cDNAs for either wt RRV VP7 or mutant RRV VP7 and the immunoprecipitability
by either rotavirus hyperimmune serum (R2) or a series of VP7 monoclonal antibodies is indicated.
The defined monoclonal antibody epitope (if known) is indicated in parentheses. The ability of these

same VP7 constructs to coimmunoprecipitate wt RF VP6 with MAb 60 is also as indicated

Immunoprecipitations CoIP
of VP6

R2a 60 159 5H3 4F8 4C3
VP7 construct (a2 94)b (a2 211) (a2 96) (a2 94)
wt RRV VP7 + + + + + + +
1 58–87 + + − − − − −
1 58–101 + − − − − − ND
1 245–326 + − − − − − ND
1 275–326 + + − − − − −
1 289–326 + + − − − − −

aHyperimmune serum or VP7 monoclonal antibody used;
bAmino acid epitope of antibody

cells with wt VP6 and their coimmunoprecipitation phenotype was compared with
wt VP7. Surprisingly, although these mutants were recognized by MAb 60, they
were not able to coimmunoprecipitate VP6 (Table 1) indicating that the truncated
VP7 proteins either could not bind VP6 or this interaction was no longer stable
enough to be maintained under the coimmunoprecipitation conditions. The loss
of immunoprecipitability of these truncation mutants by the specific MAbs of de-
fined epitopes correlated with the loss of interaction and coimmunoprecipitation
with VP6 and prevented us from localizing the domain of VP7 involved in VP6
binding.

Analysis of VP6 and the interaction with VP7

We next examined if there was a specific domain of VP6 that was involved in
binding to VP7. A series of amino terminal and carboxyl terminal VP6 trunca-
tions were constructed using specific site-directed mutagenesis. The mutant VP6
proteins were expressed in BHK cells and immunoprecipitation with rabbit hy-
perimmune sera indicated that all the mutants were expressed (Table 2) although
the1 271–396 was expressed at a lower level (or is less immunoreactive) than the
other mutants. Wild-type RF VP6 and the VP6 truncations were co-transfected
into BHK cells along with wt RRV VP7 and their ability to be coimmunopre-
cipitated was examined. Although all the amino terminal truncations could be
coimmunoprecipitated with VP7 by MAb 60, deletions of the carboxyl terminus
greater than 53 amino acids (mutants1 271–396,1 311–396 and1 328–396)
resulted in a loss of coprecipitation (Table 2). This would indicate that the VP7
binding region, or minimum proper folding domain, of VP6 is located between
amino acid residues 125 and 343.
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Table 2. Amino and carboxyl terminal truncations of wt RF VP6. BHK cells were transfected with the
cDNAs for either wt RF VP6 or mutant RF VP6 and the immunoprecipitability by either rotavirus hyperim-
mune serum (R2) or a series of VP6 monoclonal antibodies is indicated. The antibody isotype is indicated
in parentheses. The ability of these same VP6 constructs trimerize and to be coimmunoprecipitated with

VP7 using MAb 60 is also indicated

Immunoprecipitations Trimerization CoIP

R2a 255/60 (SGI) 5E6 7D9 10C10 8D3
VP6 construct (IgG)b (IgG) (IgA) (IgA) (IgA)
wild-type + + + + + + + +
VP6
1 1–49 + + + + + + + +
1 1–63 + + + + +/− + + +
1 1–125 + + + − − − + +
1 271–396 +/− − − − − − − −
1 311–396 + − + − − − − −
1 328–396 + + + − − + + −
1 343–396 + + + − + + + +

aHyperimmune serum or VP6 monoclonal antibody used;
bImmunoglobulin isotype

The inability to form a complex with VP7 did not appear to correlate with
trimerization of VP6. Wild-type and mutant VP6 proteins were expressed in an
in vitro transcription/translation system (TNT; Promega). Samples were boiled
in SDS samples buffer or not treated and then examined by SDS-PAGE and flu-
orography for trimer formation. Similar to what was seen by Clapp and Patton
[3], only the carboxyl terminal truncations greater than 68 amino acids (mutants
1 271–396 and1 311–396) lost the ability to form trimers (Table 2). There-
fore, since the mutant1 328–396 can form trimers but cannot be coprecipitated,
trimerization would appear to be necessary but not sufficient for the interaction
of VP6 with VP7.

Immunoprecipitation of VP6 truncations

To more precisely define the VP7 interaction domain of VP6, we examined the
ability of a series of VP6 IgG and IgA MAbs to immunoprecipitate the VP6
truncations. 255/60 is a subgroup I specific MAb (SGI) with a complex binding
epitope that has been localized to residues 296–299 and 305 [39]. 5E6 is an IgG
MAb raised against the murine EC virus that recognizes subgroup I, subgroup
II and non I/non II VP6 proteins. The VP6 IgA MAbs (7D9, 10C10 and 8D3)
described in Burns et al. [2], recognize subgroup I, subgroup II and non I/non II
VP6 proteins. The IgA MAbs 7D9 and 10C10 can protect mice from rotavirus
in vivo (when present as circulating IgA from a backpack tumor [2]) whereas
8D3 can not protect from rotavirus infection in this model. None of these IgG
or IgA MAbs can neutralize rotavirus in a standard in vitro neutralization assay
[2].
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The truncated VP6 proteins were expressed in BHK cells and lysates were
immunoprecipitated with MAbs (Table 2). Immunoprecipitation data indicated
that none of the MAbs could precipitate the1 271–396 mutant, only MAb 5E6
recognizes the1 311–396 mutant, and none of the IgA MAbs recognize the
1 1–125 mutant (Table 2). In addition, all of the carboxyl terminal truncations
eliminated the immunoprecipitation of VP6 by the protective IgA MAb 7D9.

From the immunoprecipitation data it appears that several of the MAbs bind
to similar epitopes. To determine whether there are overlapping epitopes between
the different MAbs we examined whether the IgA MAbs could interfere with the
immunoprecipitation of wt RF VP6 by the VP6 IgG MAbs. VP6 protein was ex-
pressed in BHK cells and the lysates were incubated with the IgA MAbs. Samples
were then immunoprecipitated with either 255/60 or 5E6 IgG MAbs precoupled

Fig. 3. A IgA blocking of wt RF VP6 immunoprecipitation. wt RF VP6 containing lysates
were prepared as previously described. Samples were treated with no IgA MAb (1, 5), 8D3
(2, 6), 10C10 (3, 7) or 7D9 IgA MAbs (4, 8) and then immunoprecipitated with either 5E6 IgG
MAb (1–4) or 255/60 IgG MAb (5–8). Samples were processed as described in the legend
to Fig. 1. The migration position of wt RF VP6 is as indicated on the right; the molecular
mass is indicated on the left.B IgA blocking of wt RF VP6 coimmunoprecipitation. Lysates
were prepared containing wt RF VP6 and wt RRV VP7 as previously described. Samples
were incubated with either no IgA MAb (1, 2), 7D9 (3, 4), 10C10 (5, 6) or 8D3 IgA MAbs
(7, 8). Samples were then immunoprecipitated with either rabbit hyperimmune sera (odd
numbered lanes) or MAb 60 (even numbered lanes). The immunoprecipitates were then
processed as described in the legend to Fig. 1. The migration positions of wt RF VP6 and

wt RRV VP7 are as indicated on the right; the molecular mass is indicated on the left
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to Protein A Sepharose and examined by SDS-PAGE and fluorography (Fig. 3A).
Neither 7D9 nor 8D3 IgA MAbs interfered with the immunoprecipitation of VP6
by the IgG MAbs but the IgA MAb 10C10 blocked the immunoprecipitation of
VP6 by the subgroup I-specific 255/60 IgG MAb. This finding supports the notion
that the VP6 epitope for the protective 10C10 IgA MAb overlaps or is affected by
the epitope for subgroup I specific 255/60 IgG MAb. This binding site for 255/60
had previously been localized to include key amino acids at positions 296–299
and 305 [26, 39]. Interestingly, although there appears to be some overlap be-
tween the epitopes of MAbs 255/60 and 10C10, MAb 255/60 immunoprecipitates
1 1–125 but 10C10 does not, indicating that the overlap and/or interaction is not
complete.

IgA blocking of VP6 coimmunoprecipitation

Since VP6 MAbs recognize epitopes between amino acid residues 125 and 343
that may overlap with the VP7 interaction domain of VP6, we next examined
whether the VP6 IgA MAbs could interfere with the coimmunoprecipitation of
VP6 with VP7 via the IgG MAb 60. Lysates containing both radiolabelled RF
VP6 and RRV VP7 prepared from BHK cells were preincubated with either no
IgA MAb or 7D9, 10C10 or 8D3 IgA MAbs. Samples were then precipitated with
either rabbit hyperimmune sera or the VP7 IgG MAb 60 and examined by SDS-
PAGE and fluorography. As expected, without pretreatment with any IgA MAbs,
VP6 is coprecipitated along with VP7 (Fig. 3B). Of the three IgA MAbs, only 8D3
did not interfere with the coimmunoprecipitation of VP6 with VP7 (Fig. 3B). The
two VP6 IgA MAbs that neutralize rotavirus in the backpack model [2], 7D9 and
10C10, interfered with the coimmunoprecipitation (Fig. 3B). This observation
supports the presumption that the MAb binding site of 7D9 and 10C10 are at, or
interact with, the VP7 binding domain on VP6.

MAb blocking of VP7 assembly onto 2/6 VLPs

We were interested to determine whether the IgA-mediated prevention of the
interaction between VP6 and VP7 could be extended to a system that is more
like what is seen during rotaviral assembly. To this end, double-layered rotavirus-
like particles (2/6 VLPs) were prepared from recombinant baculoviruses in Sf-9
cells. The CsCl purified particles were preincubated with either the VP6-specific
IgA MAbs 10C10, 7D9 or 8D3, the VP6-specific IgG MAbs 255/60, 5E6, or
not treated. After MAb binding, BHK cells lysates containing radiolabelled RRV
VP7 were added to the particles and the samples further incubated as described in
the methods section to allow VP7 assembly onto the particles. The particles con-
taining radiolabelled VP7 were then separated from the soluble and any partially
oligomerized VP7 by centrifugation over 35% sucrose and the presence of VP7
detected by immunoprecipitation with the VP7-specific MAb 60. VP7 incubated
in buffer alone is retained in the top fraction, and some in the sucrose cushion
after centrifugation (data not shown). After incubation with untreated 2/6 VLPs,
the majority of the VP7 migrated with the pellet fraction (Fig. 4), indicating that
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Fig. 4. MAb blocking of wt RRV VP7 assembly onto wt RF 2/6 VLPs. wt RF 2/6 VLPs
were not treated or pretreated with MAbs 255/60, 5E6, 7D9, 10C10 or 8D3. Radiolabelled
wt RRV VP7 containing lysates were added, incubated with the wt RF 2/6 VLPs and then
particles were centrifuged through 35% sucrose as described in the Materials and Methods
section. The samples were fractionated into top (T), sucrose (S), and pellet (P) fractions,
and the samples were immunoprecipitated with the VP7-specific MAb 60. Samples were
processed as described in the legend to Fig. 1. The markers for molecular mass are as indicated

on the left

soluble VP7 had bound to the particles. VP7 also bound to the 2/6 VLPs preincu-
bated with either 5E6 IgG MAb or IgA 8D3 MAb, the IgA that does not protect
in vivo. Preincubation with either the subgroup specific, MAb 255/60 or the two
IgA MAbs that were found to protect mice, 10C10 and 7D9, VP7 was found in the
top fraction of the sucrose cushion (Fig. 4). This finding indicates that, similar to
the immunoprecipitation results, these three antibodies, 255/60, 10C10 and 7D9
can each prevent the addition of VP7 to double-layered particles by binding at or
near a region of VP6 necessary for the assembly of VP7.

Discussion

Given the extensive association of VP6 and VP7 within the assembled rotavirus
particle, we thought it likely that these two proteins interacted directly with-
out the requirement of the other rotaviral structural proteins. It has been clearly
demonstrated with exogenous expression, from recombinant baculoviruses, of the
rotaviral proteins, VP2, VP6 and VP7 in Sf-9 cells yields assembled particles [5].
This is thought to be analogous to the assembly that occurs in a natural rotaviral
infection. VP6 is presented to VP7 in the context of a double-layered particle, with
VP2. It is thought that the ER-localized VP7 is accessible for assembly due to the
cytopathic effect of baculovirus infection. It has also been shown that virus-like
particles containing only VP6 and VP7 can be expressed from recombinant bac-
uloviruses [33, 35]. These particles were found in the media after full cytopathic
effect had occurred but the mechanism of how VP6 and VP7 interact to assemble
is not clear. In this paper we have used a combination of biochemical, immuno-
logical, and molecular techniques to examine the interaction between the two
rotaviral structural proteins VP6 and VP7 in the absence of any other rotavirus
proteins. With a rapid, transient protein expression system that uses an IRES
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for efficient, high-level translation (the vaccinia virus T7 infection/transfection
system [11, 12]) we could easily introduce and examine various mutations in
VP6 and VP7 without the need to create recombinant baculoviruses. We initially
established that both VP6 and VP7 were expressed and could be immunoprecip-
itated from NP-40 lysates with VP6- and VP7-specific MAbs, respectively (Fig. 1,
Fig. 3, and data not shown). These antibodies only recognized their cognate ro-
tavirus proteins as no endogenous proteins were immunoprecipitate from mock
infected or vaccinia virus T7 infected cells (data not shown). Cotransfection and
expression of the cDNAs for wild-type RF VP6 and wild-type RRV VP7 together
resulted in association of the two proteins and this complex was demonstrated to
be immunoprecipitable with MAbs to VP7 but not with MAbs to VP6 (Fig. 1 and
data not shown). The reasons why the MAbs against VP6, that are not binding to
the presumed VP7 binding site (8D3 and 5E6) cannot precipitate the VP6/VP7
complex are not clear. It could be that the interaction of the VP7-specific MAbs
with VP7 are stable regardless of VP6 binding but that the binding of the VP6
MAbs to VP6 cause subtle changes in VP6 lowering the affinity of VP6 binding
to VP7.

Since VP7 is a glycosylated, ER-resident protein, very little VP7 would be
expected to be available to interact with soluble, cytoplasmic VP6, under normal
circumstances. We only observed significant interaction by coimmunoprecipita-
tion of wt RF VP6 along with wt RRV VP7 if the immunoprecipitations were
performed in the presence of non-ionic detergent. If cells transfected with the
cDNAs for both wt RF VP6 and wt RRV VP7 were instead disrupted by shear
forces or hypotonic lysis, which leave the ER membranes intact, only low levels
of RRV VP7 are precipitated from the soluble fraction. If RF VP6 is expressed
in the same cell, very little RF VP6 is coimmunoprecipitated with wt RRV VP7,
indicating that most, if not all VP7 is in the ER (data not shown). Separation of
soluble and membraneous fractions confirmed that VP6 was in the soluble frac-
tion and the vast majority of VP7 was contained in the membrane fraction. This
is not unexpected as during virus assembly, VP6 and VP7 appear to interact only
after the nascent double-layered particle buds into the ER.

During rotavirus replication, VP7 is an endoplasmic reticulum resident pro-
tein that is glycosylated and binds calcium ions. Whereas the high-mannose,
asparagine-linked glycosylation of VP7 is not required for VP6 interaction
(Fig. 2B), binding of calcium to VP7 and the formation of the proper VP7
conformation-dependent neutralization domain is required for VP6 association
(Fig. 2A). Disruption of the VP6/VP7 interaction by the removal of CA2+, as
seen be loss of co-immunoprecipitability, may be analogous to what occurs when
rotavirus enters cells and the change in Ca2+ concentration results in viral uncoat-
ing. A more detailed examination of the domain of VP7 that interacts with VP6
yielded little additional information; the mutated proteins could no longer inter-
act with VP6. Retention of the mature calcium-dependent neutralizing epitopes
of VP7 was a prerequisite for VP6 binding (Table 1) and that all the engineered
truncations lost these epitopes. Even mutant proteins that could form oligomers
similar to wild-type VP7 (data not shown) could not associate with VP6 if these
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neutralization epitopes were lacking. This indicates that the mature conformation
of VP7 is highly dependent upon both the amino and carboxyl terminal residues.
Further analysis of the domain of VP7 that binds VP6 might benefit from ad-
ditional structural data concerning VP7 or more quantitative studies of the in-
teraction of VP6 with VP7 using chimeric or specific site-directed mutant VP7
molecules.

Examination of the VP7 interaction domain of VP6 proved more fruitful.
Truncation analysis of VP6 indicated that, by coimmunoprecipitation assay, the
VP7 interaction domain resided between amino acid residues 125 and 342 (Ta-
ble 2). It also appears that the trimerization of VP6 is necessary, but not sufficient,
for VP7 association as the VP6 mutant1 328–396 can trimerize but cannot be
coimmunoprecipitated with VP7 (Table 2). The VP7 binding domain also appears
to be within at least one of the VP2 binding regions of VP6 (residues 251–397;
[3]). This would appear to contradict the cryoelectron microscopic data [32],
which indicates that the mature quaternary structure of VP6 binds both VP2 and
VP7, on opposite faces of VP6. A logical conclusion is that this region of VP6 is
required for the proper folding of VP6 which can then trimerize and bind to the
other constituent proteins of the mature rotavirus particle.

Epitope mapping of the VP6 truncations by immunoprecipitation indicated
that several of the VP6-specific IgG and IgA MAbs appeared to bind at or near the
putative VP7 binding domain (Table 2). Additionally, the IgG MAb 255/60 and the
IgA MAb 10C10 appeared to overlap in their binding sites (Fig. 3A). Competition
immunoprecipitation assays indicated that two of the three IgA MAbs (7D9 and
10C10) and one of the IgG MAbs (255/60) could block the ability of the complex
between VP6 and VP7 to form (Fig. 3B). This epitope mapping data (Table 2)
combined with previous data mapping the subgroup I epitope [39] would appear
to indicate that the VP7 binding domain of VP6 lies between amino acid residues
271 and 342 or is highly dependent on these amino acid residues. Interestingly,
this is a region of VP6 that is important for the ability to form stable trimers
(residue 309; [3]) as well as near residues thought to be important for subgroup
discrimination (residues 305 and 315; [16, 32, 39]). Again, from these data it
is reasonable to assume that this domain of VP6 must fold into proper, stable
conformation prior to VP7 binding.

By examining the binding of VP7 to VP6 in an environment that more closely
resembles viral assembly, the binding of soluble VP7 proteins onto 2/6 VLPs, we
were able to further define the region of VP6 to which VP7 may be binding. Two
IgA MAbs (7D9 and 10C10) and the subgroup I specific IgG MAb (255/60) are
able to block the binding of VP7 to the particles (Fig. 4). How VP7 can assemble
on to particles that are bound with the two VP6 antibodies that cannot disrupt
this interaction, 5E6 and 8D3, is not clear. VP6 epitope mapping data of the three
MAbs that block VP7 binding to 2/6 VLPs indicates that the minimum region
of VP6 that interacts with VP7 is between amino acid residues 271 and 328 of
VP6. This reduced domain (271–328) is still within the larger region defined as
important for VP2 binding (251–396), but may correspond to the outer face of
VP6 where VP7 binds as opposed to the inner face where VP2 binds. Further
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mutagenesis studies will be needed to identify individual amino acid residues
directly involved in the binding of VP6 to VP7.

Interestingly the two IgA MAbs (7D9 and 10C10) that block the binding of
VP7 to VP6, but not the IgA MAb that does not block binding (8D3), have been
shown to protect mice from rotavirus infection in an in vivo backpack model.
These blocking IgA MAbs do not neutralize intact rotavirus in standard neutral-
ization assays which indicates that the corresponding epitopes are not accessible
on the intact rotavirus particle. From these data it is enticing to speculate that
these IgA MAbs neutralize rotavirus by blocking the assembly of VP6 onto VP7.
The step in viral maturation where these IgA MAbs might disrupt the interaction
between VP6 and VP7 is not clear. The double-layered particle, possibly asso-
ciated with VP4, binds the receptor NSP4 which is located on the cytoplasmic
face of the endoplasmic reticulum. The complex then buds into the endoplasmic
reticulum where VP7 is retained, as it is associated with the lumenal face of the
membrane. The transiently enveloped particle then completes the association and
readjustment of the outer layer proteins, undergoes delipidation and turns into the
mature rotavirus particle. If the double-layered particle interacts with the in vivo
protective IgA MAbs prior to either budding into the endoplasmic reticulum or
the postulated rearrangements of the proteins after budding, the interaction be-
tween VP6 and VP7 would be prevented. This would effectively inhibit rotavirus
replication by inhibiting assembly. Other mechanisms of protection, such as in-
hibition of transcription, have not been ruled out, however. Further studies will
be needed to determine when and where the IgA MAbs and the VP6 molecules
interact in the infected cell.
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